INTRODUCTION
In Korea, 4.1% to 22.9% of respiratory allergic subjects with perennial or seasonal symptoms were reported to be sensitized to oak and/or birch pollen as measured by skin prick test (1) (2) (3) (4) . Thus, oak and birch have been recognized as crucial culprits of tree pollinosis in Korea. However, birch trees are scarce in Korea. Oak trees represent almost 40% of all trees in Korea; less than 1% of Korean trees are birch as described in JH Park's PhD thesis, 2009. Furthermore, pollen extracts from trees of the order Fagales, such as birch, alder, hornbeam, chestnut, hazel, and oak, show a high degree of cross-reactivity due to homologous proteins from the pathogenesis-related proteins-10 (PR-10) family (5, 6) . Sensitization to PR-10 allergens is known to be an important cause of oral allergy syndrome to apple (7) .
Interestingly, the sensitization rate to white oak and common silver birch reportedly increased from 6.7% (1999) to 9.6% (2008) in the southern part of Gyeonggi province in Korea (3) . Pollen extracts from white oak, Quercus alba, and common silver birch, Betula verrucosa, are commonly used for the diagnosis and immunotherapy of allergy patients. However, these species are not found in Korea. In a recent study, oak pollen was shown to be one of the most commonly sensitizing allergens in Korea, although there was a significant discrepancy of the positive rates between skin prick test (22.9%) and ImmunoCAP test (9.1%) (4) . Only one of the studies utilized pollen extracts prepared from locally collected in Korea, even though identification of oak species were not made (1) . Therefore, it is thought to be necessary to examine the cross-reactivity between commercial pollen extracts and those from native Korean oak species.
In this study, we prepared pollen extracts and investigate the cross-reactivity from common silver birch, white oak, Mongolian oak (Q. mongolica), and sawtooth oak (Q. acutissima) because Mongolian oak and sawtooth oak are dominant in Korea (8) . and skin prick testing. Those with ImmunoCAP results higher than 0.7 kUA/L to birch (t3) and oak (t7) were used for the study (Table 1) .
MATERIALS AND METHODS

Serum samples
Allergen extracts
Pollens of Mongolian and sawtooth oaks were collected by a plant taxonomist. After defatting with ethyl ether, allergen was extracted for 48 hours in phosphate buffered saline, pH 7.4. The extract was centrifuged at 13,000 g for 15 minutes at 4°C and the supernatant was dialyzed (cutoff 3,500 Da, Spectrum, Houston, TX, USA) against distilled water. The dialysate was syringe-filtered (0.22 μm, Millipore, Bedford, MA, USA). Protein concentration was determined by Bradford assay (Bio-Rad, Hercules, CA, USA). White oak and common silver birch extract were purchased from Hollister-Stier Laboratories LLC (Spokane, WA, USA).
SDS-PAGE and IgE immunoblotting
Allergen extracts (20 μg) were run on 18% SDS-PAGE gel under reducing conditions and stained with Coomassie brilliant blue or transferred to a polyvinylidene difluoride membrane (Micro Separation Inc., Westborough, MA, USA). After blocking with 3% skim milk, the membrane was incubated with 1:4 diluted sera. Subsequently, it was incubated with 1:1,000 diluted alkaline phosphatase-conjugated goat anti-human IgE (Sigma-Aldrich, St. Louis, MO, USA). Nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (Promega, Madison, WI, USA) was used for color development. For inhibition analysis, 10 μg/ mL of recombinant Bet v 1a (Indoor Biotechnologies Inc., Charlottesville, VA, USA) was pre-incubated with pooled sera (1:4 diluted) overnight. IgE reactive components were detected as described above.
Inhibition ELISA and ImmunoCAP
Allergen extract (10 μg/mL) was loaded to 96 well microplate (Corning Inc., NY, USA). After blocking with 3% skim milk, 1:4 diluted serum samples that were pre-incubated with various concentrations of inhibitors were incubated. IgE antibodies were detected by incubating with biotinylated goat anti-human IgE (1:1,000) (Vector, Burlingame, CA, USA), followed by streptavidin-peroxidase (1:1,000) (Sigma-Aldrich). The color was developed using 3,3´,5,5´-tetramethyl-benzidine (Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA) as a substrate. The enzyme reaction was stopped by the addition of 0.5 M H2SO4. The absorbance at 450 nm was determined. Percentage of inhibition was calculated by (1-absorbance with inhibitors/absorbance without inhibitor) × 100.
To investigate the role of Bet v 1-like allergens from various oak extracts, we performed inhibition ImmunoCAP. Serum samples were pre-incubated with various concentrations (0.016 to 50 μg/mL) of inhibitors. Subsequently, IgE to Bet v 1 (t215) was measured by ImmunoCAP (Phadia, Uppsala, Sweden) following the manufacturer's instructions. The percentage of inhibition was calculated as described above (except that the IgE concentration was used instead of absorbance).
Ethics statement
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RESULTS
IgE reactivity to birch and oak pollen extracts
Interestingly, all the oak pollen positive serum samples were also positive to the birch pollen, suggesting the possibility of cross-reactivity ( Fig. 1 and Table 1 ). The IgE reactivity of 12 serum samples to birch and oak were shown to be well correlated. Pearson's correlation was calculated to be 0.89. Specific IgE (sIgE) to birch was shown to be higher than sIgE to oak. Different protein profiles were shown by SDS-PAGE analysis ( Fig. 2A) . White oak, sawtooth oak and common silver birch extracts showed a strong protein band of 17 kDa, putative PR-10 allergens, whereas Mongolian oak extract showed no strong protein band around 17 kDa, indicating the lower concentration of proteins of the PR-10 family in the Mongolian oak pollens than in the other pollens. IgE-binding reactivity to a 17 kDa allergen and various components of 20 to 60 kDa proteins, especially from sawtooth oak and white oak, were observed in a pooled serum (Fig. 2B) . The strong IgE reactive bands were detected around 17 kDa from sawtooth oak (a putative Que ac 1), white oak (a putative Que a 1), and common silver birch (a putative Bet v 1), indicating that the PR-10 proteins are major allergens from these tree pollens. Interestingly, strong IgE binding was exhibited to about 23 kDa protein from sawtooth oak and white oak pollen extracts.
Cross-reactivity of sawtooth oak and Mongolian oak, white oak, and common silver birch pollen extracts IgE reactivity to white oak was inhibited almost completely by sawtooth oak, Mongolian oak, and white oak, and profoundly by common silver birch (Fig. 3A) . Maximum inhibition of IgE binding to white oak was found to be 94.6% by white oak, 93.4% by sawtooth oak, 83.2% by Mongolian oak, and 68.8% by common silver birch. Fifty percent inhibitory concentrations were 0.13 μg/mL for white oak, 0.24 μg/mL for common silver birch, 0.78 μg/mL for sawtooth oak, and 1.33 μg/mL for Mongolian oak. Maximum inhibition of IgE binding to common silver birch was 94.3% by common silver birch, 78.5% by sawtooth oak, 76.9% by white oak, and 67.3% by Mongolian oak (Fig. 3B) . Fifty percent inhibition of IgE reactivity to common silver birch was obtained at an inhibitor concentration of 0.04 μg/mL for common silver birch, 0.23 μg/mL of white oak, 1.14 μg/mL of sawtooth oak, and 1.89 μg/mL of Mongolian oak.
Contribution of PR-10 allergens for cross-reactivity among oaks and birch
To assess the role of PR-10 allergens in cross-reactivity, we performed inhibition ImmunoCAP assays (Fig. 4) . The maximum inhibition of IgE reactivity to Bet v 1 (t215) was 81.5% by common silver birch, 79.1% by sawtooth oak, 77.4% by white oak, and 72.7% by Mongolian oak. Fifty percent inhibitory concentrations were calculated to be 0.29 μg/mL for white oak, 1.39 μg/mL for sawtooth oak, 1.40 μg/mL for common silver birch, and 5.35 μg/mL for Mongolian oak pollen. In IgE immunoblotting, IgE reactivities to a putative Que ac 1 and 23 kDa protein from sawtooth oak and a putative Que a 1 and 23 kDa protein from white oak were shown to be inhibited partially by recombinant Bet v 1, while native Bet v 1 from common silver birch was completely inhibited (Fig. 2C ).
DISCUSSION
Generally, allergic subjects sensitized to oak also display IgE reactivity to birch in Korea. Oak trees are much more common than birch in Korea. Therefore, we investigated the presence of cross-reactivity between oak and birch pollen extracts. Strong correlation of sIgE to common silver birch and white oak implies probable cross-reactivity (Fig. 1) . However, these two oak and birch species are not native to Korea. In this study, we prepared allergen extracts from sawtooth and Mongolian oak pollens and compared their allergenicity with common silver birch and white oak. PR-10 allergens are known to be a main cause of cross-reactivity among pollen allergens of the tree belonging to order Fagales (9) . However, protein profiles on SDS-PAGE and IgE immunoblotting showed quite different concentrations of likely PR-10 allergens (Fig. 2) in the pollen extracts. White oak showed the strongest IgE reactivity to a putative Que a 1, indicating the highest concentration of PR-10 allergen in the extract. The PR-10 allergens are known to be produced under various environmental stresses (10) . Therefore, the allergen contents of the extracts might be influenced by the environmental conditions where the pollen was collected. However, the low IgE binding activity to Mongolian oak pollen was reproduced by different annual batch sources harvest at different regions. IgE immunoblot inhibition analysis with recombinant Bet v 1a was carried out to investigate the role of PR-10 allergens. A putative Que ac 1 from sawtooth oak, a putative Que a 1 from white oak were partially inhibited. Incomplete inhibition may indicate shared IgE epitopes as well as peculiar epitopes on oak pollen allergens. However, it could be the result of an inhibition with a single isoform, because there should be various isoforms of PR-10 allergens (11). We found strong IgE binding to 23 kDa allergen from sawtooth oak and white oak, and the binding was partially inhibited by Bet v 1, suggesting the allergen may also belong to the PR-10 family. Further studies are necessary to see if these are oak specific.
IgE reactivity to white oak was most strongly inhibited by white oak (0.13 μg/mL), followed by common silver birch (0.24 μg/ mL), sawtooth oak (0.78 μg/mL), and finally Mongolian oak (1.33 μg/mL), at 50% inhibitory concentration (Fig. 3A) . IgE reactivity to common silver birch was also strongly inhibited by white oak (0.23 μg/mL), sawtooth oak (1.14 μg/mL), and Mongolian oak (1.89 μg/mL) at 50% inhibitory concentration compared to 0.04 μg/mL of common silver birch. Furthermore, sawtooth oak (78.5%) was shown to be the strongest inhibitor of common silver birch-specific IgE. These results suggest that the stronger allergenicity of sawtooth oak compared to Mongolian oak, and sawtooth oak pollen may be the main culprit of Korean tree pollinosis. Oak species occupy about 27% of forested area and have potential to become more abundant, whereas coniferous forests are gradually decreasing in Korea (12) . More specifically, sawtooth oaks are often found close at human dwellings and Mongolian oak are distributed mostly in mountainous areas (13) . IgE reactivity to Bet v 1 was also competitively inhibited by the various oak pollen extracts. Even the most potent inhibitor was white oak (0.29 μg/mL), followed by sawtooth oak (1.39 μg/ mL), common silver birch (1.40 μg/mL), and Mongolian oak (5.35 μg/mL) (Fig. 3B) . This result may reflect the lower concentration of Bet v 1 in the common silver birch extract used. Fifty percent inhibitory concentration, which is commonly used to assess allergenic potency (14) , may reflect the concentration of PR-10 allergen in the extract. However, maximum inhibitory concentration seems to reflect the cross-reactivity. These data indicate that most of the allergen epitopes of common silver birch pollen are shared by oak pollen. Furthermore, IgE reactivity to birch extract in Korean patients is thought to be a crossreaction, mainly to sawtooth oak.
Pan-allergens such as profilin and polcalcin may also cause cross-reactivity even though they play a minor role in tree pollen allergy (15) . In addition, cross-reactive carbohydrate determinants are also known to cause in vitro IgE reactivity even though they do not induce clinical symptoms (16) . Further effort is necessary to characterize the major allergens from sawtooth oak. Recombinant group 1 sawtooth oak allergens (Que ac 1) may facilitate the development of better diagnostics such as component-resolved diagnosis in East Asia area (17, 18) .
In conclusion, sawtooth oak showed strong cross reactivity with commercial white oak and common silver birch. PR-10 allergens were shown to contribute significantly to cross reactivity between Korean oak species and foreign tree pollens of the order Fagales. Sawtooth oaks may be major sensitizing sources of tree pollen allergy in Korea. Further studies are necessary to characterize the major allergens from Korean oak species to facilitate the development of component-resolved diagnosis, which could distinguish genuine sensitization and cross-reactivity of oak allergens.
